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* I. INTRODUCTION

The performance of adhesively bonded aluminum structures is judged

primarily by the initial bond strength and by the long-term durability of

the bond. The high initial bond strength provided by commercial aerospace

bonding processes(1, 2) is a consequence of the microscopically rough

aluminum oxide formed during the etching or anodization treatment. When

polymeric adhesive is added, it penetrates the oxide pores and surrounds

the oxide whiskers, resulting in a physical interlocking that ensures a

much stronger bond than that possible with a smooth oxide surface.(3,4)

The oxide morphology also partially governs long-term bond dura-

bility in moist environments in that the mechanical interlocking of an

adhesive and a rough aluminum oxide stays high even if their chemical

interaction is disrupted. In these cases, a crack can propagate only if

this interlocking is destroyed or if the failure occurs cohesively or

*along another interface. Work at Martin Marietta Laboratories has shown

that crack propagation occurs as the aluminum oxide hydrates to the oxy-

hydroide boelmite, allowing failure either at the boehite/metal inter-

* face or at the boehtmite/adhesive interface. (5-7)

These findings have prompted us to investigate methods to inhibit

the oxide-to-hydroxide conversion process and thereby to improve the

• long-term durability of adhesively bonded aluminum structures. One such

procedure is to treat a Forest Products Laboratory (FPL) sodium dichrom-

ate/sulfuric-acid-etched adherend with certain organic acids (amino

• phosphonates). These surfaces, with a saturation inhibitor coverage of



* approximately one monolayer, exhibit a such higher resistance to hydration

(up to two orders of magnitude) than untreated FPL surfaces and have a

corresponding increase in the long-term bond durability.(
8)

* In the previous years of this program (ONR N00014-80-C-0718),(6 .9)

we examined the mechanical properties of adhesive bonds formed with FPL

and phosphoric-acid-anodized (PAA) adherends treated with hydration

* inhibitors, particularly nitrilotris methylene phosphonic acid (NTMP,

N[CH2PO(OH)2 13). We showed that: 1) NTMP-treated FPL bonds and PAA

bonds exhibited similar long-term durability; 2) the durability of NTMP-

* treated PAA bonds was better then untreated PAA bonds; and 3) an inhibi-

tor's effectiveness depended both on its ability to inhibit the oxide-to-

hydroxide conversion and on its compatibility with the adhesive.

* In the continuation of this program, we have used X-ray photoelec-

tron spectroscopy (XPS), Fourier-Transform Infrared Spectroscopy (FTIR),

and/or Inelastic Tunnelling Spectroscopy (IETS) to examine the adsorption

*0 process of NTMP and similar inhibitors onto FFL-prepared adherends as well

as the hydration behavior of the inhibited surfaces. Using the models

for hydration thus developed, we have attempted to modify the inhibitor

* molecule to enhance its effectiveness in stabilizing the aluminum oxide

and improving bond durability.

These adsorption and hydration processes were studied with the use

of surface behavior diagrams (SBD's),( 10 91 1) a new method of analysis of

quantitative surface-sensitive results recently developed at the Labora-

tories. These diagrams display graphically the changes in the surface

composition as a function of reaction time, solution concentration,

-2-
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* anodization voltage, depth in the sample, or other parameters of interest.

The SBD's resemble ternary or quaternary phase diagrams in that they

represent the surface composition as the sum of the compositions of three

* or four basis compounds. They differ, however, in that they display

compositional data rather than structural data. In addition, the equili-

brium condition is relaxed for SBD's, so that the surface can be described

* during non-equilibrium states such as hydration.

0
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II. EXPERIMENT

A. SURFACE PREPARATION

Bare test coupons and panels of 2024 Al were degreased by 15 minute

immersion in an agitated solution of Turco 4215* (44 g/l) at 650C and then

rinsed in distilled, deionized water. Degreasing was followed by a stan-

dard FPL treatment, consisting of a 15-minute immersion in an agitated

aqueous solution of sodium dichromate dihydrate (60 g/l) and sulfuric acid

(17% v/v) held at 65*C, after which samples were rinsed in distilled,

deionized water and air dried. Some FPL-treated panels were then treated

using the PAA process. These panels were anodized in a 10 wt% phosphoric

acid solution at a potential of 10 V for 20 minutes, rinsed in distilled,

de-ionized water, and air dried.

The coupons were immersed for 30 minutes in a dilute aqueous solu-

tion of the inhibitor held at room temperature. Solution concentrations

ranged from 0.1 to 500 ppm for the adsorption experiments and from 100 to

300 ppm for the hydration studies and the wedge tests. In a separate

experiment, the time of immersion in a 300 ppm NTMP solution was varied

from 5 seconds to 30 minutes. The samples were then thoroughly rinsed in

distilled de-ionized water, forced-air dried, and stored in a dessicator

until analysis.

Samples used in the hydration experiments were suspended vertically

in a Blue M humidity chamber and were exposed to air saturated with water

* An alkaline cleaning agent manufactured by Turco Products.

4



vapor at 50*C. The samples were then removed at different intervals,

dried with forced air, and also stored in a dessicator.

Other coupons (6 x 6 x 0.125 in.) were bonded together using

American Cyanamid FM 123-2 adhesive cured at 120C and 40 psi for 1 hour.

The bonded panels were cut into 1 x 6 in. test strips and a wedge (0.125-

in. thick) was inserted between the two adherends to provide a stress at

the bondline. After 1-hour equilibration at ambient conditions, the

wedge-test samples were placed in a humidity chamber held at 60*C and 98%

relative humidity. In order to determine the extent of crack propagation,

we periodically removed the test pieces from the humidity chamber and

examined them under an optical microscope, locating and marking the posi-

tion of the crack front. When the test was complete, usually after 150

to 160 hours, calipers were used to measure the positions of these marks,

which denote crack length as a function of time.

B. INHIBITOR PREPARATION

Most of the inhibitors investigated -- NTMP, amino methylene

phosphonic acid [AMP, H2 NCH2PO(OH)2 1, and methylene phosphonic acid IMP,

CH3PO(OH)2] - are commercially available. One, (n-butyl) nitrilobis

methylene phosphonic acid ((n Bu)NBMP, n-C4H9N (CH2PO(OH)2 1, was synthe-

sized by allowing the hydrochloride salt of n-butylamine [C4H9NH2 ] to

react with an aqueous solution of phosphorus acid [H3P03] and formaldehyde

[CH 2 01 The solution was heated to 80*C with stirring before being

evaporated to a viscous film which was filtered and washed with anhydrous

ethanol and washed with ether. The crystals were air dried and further

5
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* dried in vacuo.( 1 2) These crystals exhibited a melting point of 185-191*C

and analytical elemental analysis results were in excellent agreement with

calculated values (Table 1).

Table 1

Measured and Calculated Analysis for (n Bu) NBMP

C H N P

Measured 27.74 6.45 5.26 22.77
Calculated 27.59 6.51 5.36 23.75

C. SURFACE ANALYSIS

The surface chemistry was determined by XPS. Measurements were

made on a Physical Electronics Model 548 spectrometer, which consists of

* a double-pass cylindrical mirror analyzer (C0A) with pre-retarding grids

and a coaxial electron gun, a Mg anode X-ray source, a rasterable 5-keV

sputter ion gun, a sample introduction device, and a gas-handling system

* used to backfill the chamber to 5 x 10 - 5 Torr Ar. Operating pressure was

in the low 10 - 9 Torr range.

Atomic concentrations were determined from high-resolution (50-eV

* pass energy) spectra of the Ole, Al2p, and P2p peaks and sensitivity fac-

tors measured from standards on this instrument.(1 0 )

The XPS measurements were sometimes supplemented by Auger electron

* spectroscopy (AhS) and ion sputtering to obtain an elemental distribution

with depth.

The atomic concentrations of 0, Al, and P were converted to molar

* concentrations of A1 2 03 , inhibitor, and H2 0 for the inhibitor-treated FPL

-6-
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* samples, using the following assumptions. All the P was assigned to the

inhibitor, the Al was assigned to A1203 , and enough 0 was used to satisfy

the inhibitor and A1203 requirements. Any excess was assumed to be

* bonded to H as H20. For example, A.OOH has a composition equivalent to

A1203 + H20 even though it is not a two-phase mixture of these compounds.

The molar concentrations were then plotted on the appropriate SBD.

* Additional measurements were obtained from IETS and FTIR tests.

The IETS measurements performed at the University of Missouri by Dr.

Henry White are discussed in the appended subcontractor's report. The

* FTIR measurements were obtained on a Nicolet 7199 spectrometer using the

diffuse reflectance (DRIFT) technique. The reference material was KBr

powder and the samples were mixtures of the material of interest and

K-T.

-7-
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*III. RESULTS

A. ADSORPTION

The adsorption of NTMP upon FPL surfaces was studied as a function

of solution concentration and, to a lesser extent, time of immersion. The

dependence of the surface composition on solution concentration is shown

in the A1203-NTMP-H20 surface behavior diagram of Fig. 1. The solution

concentration increases from left to right. The approximately horizontal

position of the curve corresponds to the saturation coverage (P/Al -0.15)

of approximately one monolayer reported earlier.(8 ,9) This adsorption

process can be described as a displacement reaction during which the NTMP

displaced water or hydroxyl groups initially bound to the aluminum oxide

surface. In an adsorption process in which the water was not removed, the

surface composition evolutionary path would be vertical, i.e., in the

direction of the inhibitor.

Saturation coverage is rapidly achieved upon immersion. Figure 2

indicates that the NTMP layer has grown to the monolayer thickness in

less than five seconds of treatment and remains at this level for up to

thirty minutes of immersion.

Similar adsorption studies on the effect of solution concentration

ware made for AMP and (n Bu) NB1P on FPL and NTMP on PA. The adsorption

of the two Inhibitors onto FPL (Figs. 3 and 4) are qualitatively similar

to that of NTHP on FPL, i.e., a displacement reaction of the inhibitor in

exchange for adsorbed water. Subtle apparent differences between the NTMP

and AMP adsorption behavior, which are more evident in Fig. 5, will be

-8-
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0

FPL INTMP
ADSORPTION

b
a 0

1420 0A120 3

Figure 1. Alz0rNTNffIIz SWD showing a) the surface composition of FPL-

etched surfaces after immersion for 30 minutes in aqueous

* solutions of NTMP at concentrations ranging from 0.1 to 500

pp., solution concentration increases from left to right,

and b) the path representing no displacement of water.
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Figure 2. NTW coverage (PAL) of FPL-etched surfaces as a function of
imuersion tim in a 3 00-ppm NThP solution.
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AMP

AMP I FPL
Adsorption

1420 Al 2 0 3

igure 3. A1 20 3-M11420 SBW shoving the surface composition of FPL-
etched surfaces after immersion in solutions of AMP at

concentrations of 1 to 300 ppm.



* (nBu*JBMP

(nBu)NBMPIFPL
* adsorption

0O 0 0.

HO 2 0 Al 203

Figure 4. A1203-(n Bu) NBHP-H20 830 showing the surf ace composition of
* FPL-etched surfaces after immersion in solution of (n Bu)

NIMP at concentrations of 1 to 300 ppm.
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To NTMP and AMP

To NP• N

ToNTM\ £ A A .

and AMP "

(NTMP)f d 0 0

(AMP)' I/ -S

0 p - AI
1120) (AI(Of.I) (AIOOH) Al203

Figure 5. Al-P-O SUD showing the surface composition of FPL-etched
surfaces after immrsion in solutions of NTMP (triangles)
or AMP (stars) at various concentrations. Open hexagons
are calculated compositions. Compositions denoted by "0"
represent surfaces not imaersed in NTMP solutions.
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* discussed later (Section IV). The adsorption of NTHP onto PAA surfaces,

in contrast, is considerably different from that of NTMP onto FPL surfaces

as shown in Fig. 6. Here, because of the two different phosphorous states

present (phosphate and phosphonic acid groups), the Al-P-O elemental SBD

is shown. (The A1203-AlPO4-H20 and the A1203-NTMP-H20 SBD's for PAA
( 10 )

and inhibited FPL surfaces, respectively, are subsets of this larger SBD.)

• Also, included in this SBD, for comparison purposes, is the evolution of

the composition of FPL surfaces upon NTMP adsorption. Unlike the previous

cases, the adsorption of NTHP onto PAA surfaces involves no displacement

* of water, but simply an addition of the inhibitor to the already dehy-

drated surface.

The FTIR spectrum of solid NTMP is shown in Fig. 7 and the assign-

* ments of the various peak absorbances are given in Table 2. Because of

Table 2

FTIR Band Assignments

Wavenumbers (cm-1 )

AssiEnment NTMP Al-NTMP

OH 3500-2800 3500-2800
Nl+  3020 3026

OH 1653 1646
Cl2  1435 1434
P-O 1188-970 1160
Al'-?_ 956
PO 808-723
P-a-Al 751

the high degree of symmetry in the molecule, the infrared spectrum is

very weak and is comprised of broad bands. Analysis of the FTIR results

- 14 -
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P

to AlPO

* to NTMP\

to NTMP A A A As PAA
A A

\A A

S FPL~ w&
00

(NTMP) A

IAIPQ 4)I

0 A
* 1H20) AIIOH) 3) IAI00H) (A'203)

Figure 6. Al-P-O S3ID showing the surface composition of FPL-etched
surfaces (triangles) and PM-treated surfaces (circles)
after i mmrsion in solution of NTMP at various concentrations.
,Open hexagons are calculated compositions. Closed symbols are

* measured compositions. Compositions denoted by "0" represent
surfaces not immersed in NTMP solutions.
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0.92- 7

* WAVE NUMBERS lc.- 1)

figure 7. FTIR DRIFT spectrum of dried NTMfP.
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and determination of the probable bonding of NTMP to the aluminium sur-

face was facilitated by studying the DRIFT spectrum of an A1-NTMP complex

formed by reacting Al(N03 )3 with NTMP in a 2:1 molar ratio (Fig. 8 and

Table 2). Significant changes in the P-0 and P-0 bonds (1200-700 cm-1 )

are evident. The P-O bond for A1-NTMP is much sharper than that for NTMP,

indicating a decrease of symmetry on the P032- group. Additionally, the

* P-O bond for A1-NTMP is shifted to lower wave-numbers, indicating the

formation of an Al-O-P bond which is also detected at 956 cm-1 . By

analogy, therefore, we can conclude that the NTMP molecule adsorbs to an

* aluminium oxide surface via the P-OH groups of the phosphonic acid.

B. HYDRATION

The hydration of NTMP-treated FPL surfaces in 100% relative humid-

Ity at 50C has also been investigated by XPS and SBD's. As shown in

Fig. 9, the hydration path proceeds from an NTMP covered A1203 surface to

a boebmite [AlOOH] surface (line "a") and then to one of bayerite [Al(OH)31.

Although considerable scatter occurs from coupon to coupon so that the

degree of hydration at any one exposure time varies from run to run and

even from one side of the coupon to the other, the general trend is clear.

Additional variation is caused by physisorbed water,(1 0 ) represented by

line "b", which was calculated by the addition of approximately one mono-

* layer of water to surface compositions along line "a." Surfaces with

compositions along line "b" lost this physisorbed water upon exposure to

the dehydrating ultrahigh vacuum (UIIY) for several days so that their

* final composition was near line "a." Finally, Auger depth profiles of

- 17 -
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LOD 1160 1

*0.80 3026

956

C0

WAVE NUMBERS 1cm')1

Figure S. FTIR DRIFT spectrum of the Al-NTlIP complex.
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NTMP

FPL INTMP
HYDRATION

HiO1? A' 203

Figure 9. A12 03-NTHF-1 20 Sin showing the evolution of the surface composi-
tion of FPL-etched surfaces treated with saturation coverages of
NTMP, as a function of exposure time in 100% relative humidity
at 50*C. The different symbols represent different experimental
runs; the numbers are the exposure time in hours.
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* several samples revealed no subsurface concentration of phosphorus for

coupons without surface phosphorus.

Similar hydration behavior is also observed for FPL surfaces

• treated with (n Bu) NBMP (Fig. 10). The surface again evolves from A1203

with a monolayer of inhibitor directly to AlOOH and then to AI(OH) 3.

C. WEDGE TESTS

Wedge tests were performed with FPL adherends treated with NTMP and

several varients: AMP, i.e., replacing two of the methylene phosphonic

groups with hydrogen atom; MP, i.e., replacing the amino group of AMP

with a hydrogen atom; and (n Bu) NBMP, i.e., replacing one methylene phos-

phonic group of NTMP with a linear hydrocarbon chain. From the results

shown in Fig. 11, it is clear that the HP-treated specimens are worse than

the untreated FPL samples or any of the adherends treated with other com-

pounds. Each of these samples are, in turn, better than the control, with

AMP achieving a smaller increase in long-term bond durability than either

NTINP or (n Bu) NBMP.

02

- 20 -
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(nBu)NBMP

InBu)NBMPIFPL
hydration

A 0

42
A 192 72 %G 1p42 6424424

2O -72 6 2 2-4 All 02 AI(OH) 3  AIOOH 203

Figure 10. A1203-(n Bu) NBM-H 20 SW showing the evolution of the surface
composition of FPL-etched surfaces treated with (n Bu) NBMP,
as a function of exposure time on the humidity chamber. The
different symbols represent different experimental runs; the
nubers are the exposure time in hours.
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Figure 11. Wedge-test results (crack length as a function of time) for
FPL adherends treated in solutions of MP, AMP, (n Bu) NBMP,
and NTNP and for untreated FPL adherends.
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IV. DISCUSSION

A. ADSORPTION

The adsorption of each of the three amino phosphonates studied

0 proceeds by the displacement of the physisorbed water always present on

the FPL surface. (This water can also be removed by storing the coupon

in UHV for several days. The surface, however, regains the water upon

exposure to the normal humid atmosphere.) For NTMP and (n Bu) NBMP this

reaction, at room temperature, continues until all the physisorbed water

has been replaced on the surface and approximately one monolayer of

inhibitor is chemisorbed on A1203 . Although less data exist for AMP, it

appears that this inhibitor is less efficient at removing all the physi-

sorbed water so that some water remains even at the highest AMP coverages

achieved at room temperature. Since the presence of physisorbed water was

identified as the first step in the hydration of PAA surfaces,(1 0 ) and

will be shown to be a precursor of the hydration of NTMP-treated FPL sur-
0

faces later in this report, its incomplete removal upon AMP adsorption may

help explain the poorer wedge test results for AMP-treated adherends.

Different bonding between the inhibitor and the adhesive may also be a

factor.

When closely examined the adsorption data of NTMP on FPL reveal

further details of the adsorption competition between NTMP and H 20, as

indicated in Fig. 1 which shows the adsorption isotherm to be concave

down. They are more clearly illustrated in Figs. 5 and 6, which show the

isotherm as a two-part curve - at first proceeding in the general direction

- 23 -
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* of NTMP, but then heading more or less away from the H20 vertex. We

interpret these results as suggesting that the NTMP initially, i.e., at

very low solution concentrations, adsorbs with only one leg bonded to

the surface. Consequently the inhibitor coverage, as determined by the

amount of P on the surface, increases faster than the water concentration

on the surface decreases. Subsequently, i.e., at higher concentrations,

the NTMP is able to compete more successfully with the water for adsorp-

tion sites and the other legs of the NTMP molecule become bonded to the

surface, thus displacing water without a significant increase in the

inhibitor coverage.

A two-step process, similar to that for NTMP on FPL but less pro-

nounced, would be expected for the adsorption onto FPL of (n Bu) NBMP, a

single-step process would be expected for AMP, however, since it has only

one methylene.phosphonic acid group. The SBD's of Figs. 3, 4, and 5

support this hypothesis. Although the data for (n Bu) NBMP and AMP are

more scattered than those for NTMP, Fig. 5 clearly shows only a slight

curvature in the surface composition evolutionary path for AMP on FPL in

contrast to the distinct two-step adsorption process for NTMP on FPLo

Figures 4 and 5 also show that AMP is less efficient at removing all the

physisorbed water so that some water remains even at the highest AMP

coverages achieved at room temperature. This presence of residual water

is consistent with the lower phosphorus content on the surface at satura-

tion. Our model of adsorption suggests one phosphorus atom for every two

water molecules removed from the surface (assuming that all the inhibi-

tor's POH groups bond to the A1203 ). Since the AMP-treated surface has a

- 24 -
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* significantly lower P/Al ratio, less water would have been displaced

from the surface.

In contrast, the adsorption of NTMP onto PAA surfaces causes the

* surface composition to evolve directly toward NTMP (Fig. 6), indicating a

simple adsorption process. This is expected, however, because init.ally

there is little water on the PAA surface to displace.

* The saturation coverage of phosphorus-containing groups is very

similar between NTMP on PAA and NTP on FPL as reported earlier.(
6 ,7 )

From these data we can not differentiate between NTMP adsorbing only on

* unoccupied active sites and NTMP displacing the phosphate incorporated

onto the surface during anodization(10 ) in a competitive adsorption

mechanism. We can rule out a displacement of all of the initial phosphate

* however, by comparing typical N concentrations on the NTMP/PA& and the

NTMP/FPL surfaces, - 1.5% and - 2.5-3.0%, respectively. Because there is

considerably less N relative to P on the PAA-treated surfaces, it is clear

• that the NTMP has either simply adsorbed on unoccupied active sites, or

displaced only a fraction of the phosphate initially present on the PAA

surface. In either case, the adsorption of NTMP on PAA further improves

* the hydration resistance and the long-term bond durability.(
6 )

B. HYDRATION AND WEDGE TESTS

The behavior of the surface composition during the hydration of

NTMP-treated FIL surfaces (Fig. 9) is very similar to that observed during

the hydration of PAA surfaces.(0) First, a reversible physisorption of

* water occurs. Then the surface hydrates to boehmite. Finally, bayerite
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* crystallites grow on top of the boebmite. It is this hydration to boeh-

mite, during which adhesive bonds fail, that the inhibitor is effective

in slowing. In fact, the linear evolutionary path of the surface compo-

* sition to boehuite and the absence of any subsurface phosphorus in the

hydrated samples indicate that hydration only occurs as the NTMP dissolves

from the surface. That is, the limiting step in the hydration of these

* surfaces is the dissolution of NTNP into the condensed water vapor.

These findings, which have been generalized to include the corro-

sion of NTNP-treated steel samples( 1 3) as well as the hydration of PAA

* surfaces,(1 0 ) suggest several properties of an ideal inhibitor: 1) the

inhibitor should occupy all the active sites on the surface, 2) the inhi-

bitor should bond strongly to the surface, and 3) the inhibitor - aluminum

* complex should be insoluble in water.

An additional property, that the Inhibitor =st be compatible with

the primer/adhesive system used, can be deduced from the wedge tests of

* Fig. 11 which show extremely poor performance by MP-treated adherends, the

wedge tests of reference 9 which showed poor performance of phosphoric-

acid-immersed adherends, and the T-peel tests of reference 6 which showed

poor initial bond strength of NTMP-treated adherends bonded with a nitril

phenolic adhesive. In the first two cases, the P-O bond, that is oriented

away from the inhibited surface, either interfered with the curing of the

epoxy adhesive at the surface or passivated the adherend surface and pre-

vented the formation of adhesive-oxide or adhesive-inhibitor chemical

bonds. Either possibility results in degraded bond durability even-

though the inhibited oxide may be resistant to hydration. Similarly the

- 26 -

9"---



NTMP is believed to have prevented the nitrile phenolic adhesive from

completely curing at the surface, resulting in poor bond strength.

Based on these four criteria we are currently modifying the NThP

• molecule in attempts to improve its inhibition efficiency. The first of

our new compounds is (n Bu) NBMP, where one of the methylene phosphonic

acid groups is replaced with a linear hydrocarbon chain to decrease the

• aqueous solubility of the inhibitor-aluminum complex and to increase the

miscibility with the adhesive. At the same time, however, this action

has the adverse effect of decreasing the number of P-O-Al bonds to the

* surface.

Initial hydration studies (incubation times in excess of 120 min-

utes for coupons treated with each inhibitor) and wedge tests (Fig. 11)

• suggest that these two effects may balance, resulting in little net

difference between the efficiency of NTMP and (n Bu) NBMP to inhibit

hydration and to improve bond durability. Additional tests are currently

*underway to examine further the effectiveness of these inhibitors and

others, including (ter-butyl) nitrilobis methylene phosphonic acid, a

structural isomer of (n Bu) NBMP, and ethylene diamine tetramethylene

• phosphonic acid, a four-legged variant of NTMP.

0



V. SUMMARY

We have investigated the mechanisms by which nitrilotris methylene

phosphonic acid (NTMP) and related compounds adsorb onto oxidized aluminum

0 surfaces, inhibit the hydration of this oxide, and increase the durability

of adhesive bonds formed with treated panels. Our results indicate that:

1) NTMP adsorbs via P-O-Al bonds; 2) water initially adsorbed onto the FPL

0 surface is displaced by the NTMP; and 3) hydration of NTMP-treated FPL

surfaces occurs in three stages -- i) a reversible physisorption of water,

ii) the slow dissolution of NTMP followed by the rapid hydration of the

freshly exposed A1203 to A1OOH, and iii) the further hydration of the sur-

face to AI(OH)3 . Additionally, by comparing the behavior of coupons

treated with different inhibitors, we have identified four properties of

the ideal inhibitor: 1) the inhibitor should occupy all the active sites

on the surface, 2) the inhibitor should bond strongly to the surface, 3)

the inhibitor-aluminum oxide complex should be insoluble in water, and 4)
0

the inhibitor should be compatible with the primer/adhesive system.
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I. Introduction

* A. Goals and Approach

The goal of the current work is to use Inelastic Electron

Tunneling Spectroscopy (IETS) to investigate the orientation and

bonding of several hydration inhibitors on aluminum oxide. This

information will be combined with measurements at Martin Marietta

Laboratories to determine mechanisms whereby these molecules can

inhibit the hydration of aluminum oxide in the presence of

moisture. In this report we discuss results obtained for the

following phosphonate-type molecules:

Phosphonic Acid PA

Methylphosphonic Acid MPA

Hydroxymethylphosphonic Acid HPA

Nitrotrismethylphosphonic Acid NTHP

In the course of developing a model for tunneling intensities to

apply to the lETS spectra for MPA we did extensive model

development and model calculations for thiourea and urea which

served as test-case molecules. This approach has been fruitful.

B. Overview of Results: This report is organized-as follows:

In Section II we discuss IETS spectra for PA, CMP, and NTMP.

Mode assignments have been made for the main peaks in each of the

spectra, and differences and siuularities are discussed. The

locations and shapes of the P-O stretch mode and the P-O-(H) modes

are discussed in particular.

*In Section III we summarize the main features of a model for

calculating IETS peak intensities. This model, which we have

termed the floating valence model, contains several significant

improvements over other models. Intensities calculated for various

orientations of thiourea have been critically compared with

experimental values to determine the orientation of the adsorbed

species. These results are now being evaluated. The model is
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clearly the most sophisticated and accurate of the existing

tractable models, and it has been successfully applied to a complex

0 molecule having several atom types. In our summary of Section II

we evaluate the feasibility of applying this model to the inhibitor

molecules in this study.

0
In Section III some of the methods developed for use in the

floating valence model have been used to determine molecular

structure and to calculate the charges associated with each of the

* atoms in the molecules PA, MPA, and HMP.

The charges are obtained by a potential derived (PD) technique,

and these are shown to be considerably more accurate and reliable

* than those obtained from Mullikan population analysis.

Section V is a statement of the main conclusions from our work

under this project.

II. IETS Spectra for Adsorbed Inhibitors

A. Experimental Techniques

* The lETS measurements were made on tunnel junctions prepared on

insulating ceramic substrates. An aluminum electrode approximately

1000 A thick was evaporated onto the substrate at 10- 7 to 10- 8

Torr. An oxide layer was grown on the aluminum and then doped with

a water based solution of the inhibitor or other molecule to be

studied. This doping process was done outside the vacuum

chamber. The doped substrate was then returned to the vacuum

chamber and a top metal electrode of Pb was evaporated to complete

the junction. Electrical leads were attached, the resistances were

measured, and those junctions with good electrical characteristics

were immersed in liquid helium for IETS measurements.

One of the problems associated with the early stages of this

work was the inability to obtain a significant yield of junctions

which had resistances in the appropriate range, were stable, and

.Z
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had good signal to noise characteristics. Several approaches were

used to solve this problem. This problem has also occurred when

molecules containing chlorine atoms are used as dopants.

We can now prepare junctions with much improved signal to noise

ratios by a two-step oxidation process which combines a DC glow

discharge in oxygen followed by growth at elevated temperatures.

Good yields have been obtained for molecules as large as NTMP.

* B. lETS Spectra

This section contains spectra obtained for PA, HMP, and NTMP.

For each inhibitor the observed frequencies and mode assisments are

* listed in a table. These assignments and spectra features are then

discussed in each section.

Spectra taken on junctions doped with MPA indicated that no MPA

*• had remained on the oxide surface.

1. PA

• IETS spectra for PA obtained on a junction doped with 0.3%

solution of PA in water are shown in Figures l(a) and l(b). The

range and measurement conditions are different for the two scans.

Figure l(a) shows the lower frequency modes; whereas, Figure l(b)

-shows more of the over-all spectral features including the higher

frequency C-H and O-H stretch regions.

The peak locations in the spectra have been labeled in units of

cm 4 and listed in Table I. The mode assignments for each of those

peaks are also listed. These assignments are compared with the

spectra HMP and NTMP in Section 5 below.



2. UHH

The HP spectra shown in Figure 2(a) and 2(b) were taken on

junctions doped with a solution with a concentration of 10 mg of

UMP per al of water. The peak positions and mode assignments are

given in Table II. They are compared with the features of PA and

NTMP in Section 5.

3. NTmP

The lETS spectra for a O.1Z solution of NTHP is shown in Figure

3(a) and 3(b). Table III lists peak locations and assignments,

with further comparisdn in Section 5.

C. Results for MPA

Junctions doped by the same procedures as those used for the

* other molecules indicated that little, if any, 4PA remained on the

oxide layer. The general appearance of the oxide layer to the

naked eye and also under a low power microscope suggested that the

MPA did not react with the oxide layer in the manner in which the

* other molecules did. Our plans regarding further studies on MPA

are unclear at this point. One of the original goals of this study

was to compare calculated and experimental intensities for HPA to

determine the orientation of the adsorbed molecule. These

experimental results, when coupled with the lack of a complete

molecular vibrational analysis on MPA, indicate that this molecule

is not a suitable choice for this study at this time.

D. Discussion of lETS spectra

An aluminum phonon near 320 cm- 1 , an aluminum oxide phonon near

*945 cm 1 and a 2x aluminum phonon occur in each of the spectra and

arise from features of the junction electrodes. They will not be

discussed further.

0
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Table 1. Vibrational mode frequencies and assignments for PA adsorbed on
aluminum oxide as measured by lETS.

Frequency Relative Group
(cm- ) Strengtha Assignment

• 320 vs Al phonon

410

520 P03 in-plane, or P-O defm

• 610 a P-O defm

629 w

655 'w

690 a

800 v

865 sh

920 ve

945 sh Al oxide phonon

1085 a P-O-(H) str

1170 b P-0 str

1215 w,sh P-0 str ?

1255 w,sh

1315 vw C-H (contamination)

1395 vw C-H (contamination)

• 1458 m,b C-H (contamination)

1700 m

1680 v,b

* 1855 s,b 2x Al oxide phonon

2940 w,b C-H str (contamination)

a. w - weak, w - very weak, m medium, a - strong, vs - very strong,
*•  b - broad, sh - shoulder.

- w. .' .* ; *."* *. * " , " ,- .x..-:.-.... ,, -- s.*'-,-- -.
*.. 

. . . . . . . ..
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Table II. Vibrational mode frequencies and assignments for HMP adsorbed on
aluminum oxide as measured by IETS.

Frequency Relative Group

(cm -l) Strengtha Assignment

320 vs Al phonon

* 475 vw PO3 in-plane, or P-0 defm

550 w P-0 or P-0 defm

650 b

* 790 vs P-O str

880 vs CH2

935 sh Al oxide phonon

• 1055 vs P-O-(H) str

1210 vs P-0 str

1235 w,sh O-H defm

1350 vs CH2 wag

1430 vs CH2 defu

1605 s,b

1860 m,b 2x Al oxide phonon

2445 mb Feral resonance ?

2910 vs,b C-H str

3550 m,b 0-H'str

a. w w weag, vw very weak, m m medium, s - strong, ve - very strong,
b - broad, sh - shoulder.

0

y "~~~~...... . .. _. ..... . ., . . .. ..... ... ..... . ... ... , .. ',-, *'~.-.. ,. - - " ..
-, . ,, . • " ,. " " • ",• • . •" . • •". •...-............................................................
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Table III. Vibrational mode frequencies and assignments for NTMP adsorbed on
aluminum oxide as measured by IETS.

* Frequency Relative Group
(cm-) Strengtha Assignment

* 320 vs Al phonon

455 b P03 , or P-0 defm

510 w P03, or P-0 defm

0 545 vw P-O defm

585 b P-0 defm

652 vw

780 a P-C str

880 vs CH2

923 s,sh Al oxide phonon

1040 vs P-O-(H) str

1105 w,sh

1200 b P-O str

1315 vs CH2 wag

1430 vs CH2 defm

2430 vs

2935 vs C-H str

a. w - weak, vw very weak, m - medium, s strong, vs - very strong,
b - broad, sh - shoulder.
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We note the presence of weak bands at 475 and 455 in HMP and NTMP,

respectively, whereas no peak occurs in PA in this region. Veken and

Herman1 assign a band as P03 in-plane motion which they observed near

480 cm -1 (VW) in IR and at 498 cm -1 (Sh/W) in Raman spectra of dibasic

methylphosphonic acid in-water. The P03 in-plane assignment for PA

near 520 cm- 1 is probably a P03 in-plane mode, but with different

character.

Thomas and Chittenden2 give a possible alternative description to

these peaks. They describe a weak, diffuse peak near 500 cm -1 which

they associate with P-0 (OH) groups. Since the peaks are weak and can

evidently be lost in some spectra they cannot be considered

significant for these studies at this time.

The 545 and 585 cm-1 peaks in NTMP, even though weak and broad, are

of interest since the FT-IR results of NTMP adsorbed on aluminum oxide

show very strong, well formed peaks at 547 and 585 cm - .  The FT-IR

• spectrum of dried !YTKP also shows a baud near 554 c:- 1 which has been

assigned as P-0 motion. The IETS HMP shows a weak peak at 550 cm -l

and it is possible that the PA spectrum has a shoulder near 550 cm-1

but the results are not conclusive. These peaks are assigned as P-0

* deformation modes by comparison with data by Veken and Herman1 In

Table I we indicate a tentative assignment of this P-0 deformation

mode for the 610 cm -1 peak in PA.

. There are several peaks in the PA spectra whose assignment is very

unclear. Their locations are 629 (VW), 655 (VW), 690 (S), 800 (W),

865 (Sh), and 920 (VS). We are especially interested in the

assignments of the strong peaks at 690 and 920 cm -1 . No strong peaks

occur in the 690 cm- 1 region of either lMP or NTNP. There are strong

peaks at 880 cu -1 in each; however, they are clearly associated with

the CH2 motion in P and NTMP. The strong peaks at 790 cu-1 in IMP

and at 780 in NTMP can also be assigned to P-C stretch motion.
1

....................................... . .%*.-.
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Peaks near 1085 (M) in PA, at 1055 (VS) in HiP and at 1040 cm- 1

(VS) in NTMP are undoubtedly P-O-(H) stretch motions which are known

*to occur near 1000 (* 100) cm-1 for molecules with these end groups.

The FT-IR data for NTMP adsorbed on aluminum oxide has a very strong,

broad band near 1050 cm-1 , and the Al-NThP complex has a peak near

1160 cm-I, both of which could have P-0 stretch contributions. we

-- note that C-0 stretch and out-of-plane C-H bend modes also occur near

1050 cm -1 in many compounds and could contribute to the peaks observed

in all of these spectra since these contaminates are so prevalent.

We have assigned the peaks at 1210 (VS) in HMP and at 1200 (b) in

NTMP as P-0 stretch in accordance with many literature discussions of

the phosphoryl frequency. According to Thomas and Chittenden3 it

sometimes occurs as a doublet and, as a result, can appear as such, or

as a broad peak. In their extensive analyses of P-0 stretch frequency

shifts as a function of attached groups to phosphorus they found that

the mean value was sufficient to provide agreement with other data.
-1

* In PA a broad peak does occur at 1170 cm which was assigned as P-0

stretch. A weak shoulder at 1215 cm-' was tentatively assigned as P-0

stretch for lack of reasonable alternatives. The 1235 cm- 1 peak in

HMP is in the region expected for O-H deformations.

The location of the 1200 cm-1 P-0 stretch peak in the IETS spectrum

of NTMP should be compared with the value of 1256 cm-4 for the

location of a peak as determined by FT-IR of NTMP adsorbed on aluminum

* oxide. The FT-IR of dried NTMP has a peak near 1188 cm- 1, and the Al-

NTMP complex shows a strong peak near 1160 cm 1 .

The 1350 (VS) and 1430 (VS) peaks in HMP and the 1315 (VS) and 1430

(VS) peaks in NTMP were assigned as CH Wag and C-H deformation modes,

respectively. Veken and Herman1 found CH Wag and deformation modes at

1305 and 1430 cm' in dibasic CH3PO2- • The very weak peaks at 1315,

1395, and 1458 cm- 1 in PA are likely to be due to CH contamination as

suggested by the structure near 2940 cm- 1 in PA (C-H stretch).

The very strong C-H stretch modes at near 2910 cm-1 in HMP and near
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2935 cm-1 in NTMP are as expected for molecules containing aliphatic

CH bonds (i.e., below 3000 cm-1 in almost all caseq).

The medium intensity, broad band near 3550 cm- 1 in HHP is easily

assigned as O-i stretch.

There are interesting IETS peaks near 2445 cmI in HMP and

2430 cm-l in NTMP which do not occur in PA. Although the nature of

the modes is not clear, the fact that each is so strong, and occurs in

a region where no strong peaks are expected suggests that they are due

to a Fermi resonance (overtone or -ombination occurring near a

fundamental of the same symmetry ty - j. In this case the fundamental

could be associated with an OH stretch mode since these can extend to

much lower frequencies than 3550 cm- 1 for phosphonic acid groups as

discussed by Thomas and Chittenden
2.

The general features associated with the lETS spectra for PA, HMP,

and NTNP are reasonable and consistent with what might be expected;

yet, they show variations in the locations and appearance of certain

modes. Of particular interest to this work Is the behavior of the P-O

stretch and of the P-a-(H) stretch vibrations. In Section IV of this

report we show calculated values for the atomic charges associated

with each atom site in PA, MPA, and MP. We are interested in

correlating features in the ZETS spectra (for example, location of the

_- .O and P-O-(H) stretch modes) with the results of these

calculations, and with the effectiveness of the molecules in

inhibiting hydration of aluminum oxide in the presence of moisture.

An analysis of our results for these two modes is given below.

- The locations and relative strengths of the P-0 and P-O-(H) ETS

stretch frequencies among PA, WHF, and NTMP listed in Tables I, I,

and III are agin listed here for convenience.

lETS: P-0 P-o-(H)

PA 1170 (b) 1085 (a)

we 1210 (vs) 1055 (vs)

NTlP 1200 (b) 1040 (ve)

Lords"
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The frequencies for NTMP adsorbed on aluminum oxide, and the

A1-NTMP complex formed by reacting Al (NO3 )3 with NTMP were as

follows:

FT-IR: P-0 P--(H)

Dried 1188-970 1188-970

oxide adsorbed 1256 1052

Al-complex 1160

The IETS spectra showed much stronger features for these two modes

* than did the PA and NTMP. The locations of the IETS P-0 modes at

1170, 1210 and 1200 cm -1 when compared with the (maximum) value from

the dried NTMP spectrum suggests that the frequency for the P-0 mode

was increased by adsorption on the oxide.

Any shift which might have occurred in the P-U-(H) frequency cannot

be determined on the same basis since the location of the P-O-(H)

frequency for the dried NT P is not we11 determined by the FT-IR

* data. Some progress can be made in the analysis of the P-O-(H) modes,

however, by comparison with solution data from the literature. Veken

and Herman1 found the P-0 stretch frequency near 1140 cm - for dilute

solutions of H3P03 in water (i.e., near the 1170 cm -1 value for IETS

PA). The P-(OH)2 antisymuetric and symmetric stretch frequencies were

near 1010 and 950 cma- , respectively, and the corresponding IR

frequencies were near 1005 and 960 cm - 1 , in good agreement. These

data suggested that both the P-0 and P-O-(H) observed stretch

frequencies were increased by adsorption-as were the P-0 modes. From

these upward shifts we conclude that the phosphonate groups were

significantly perturbed by adsorption on the oxide, and that these

groups in PA, HIP and NTMP were active in the formation of bonds to

the surface.

2. Summary

Observed upward shifts in the P-0 and P-O-(H) stretch frequencies

observed in the lETS spectra as compared* to values from FT-IR, IR and

Raman data taken on dried, complexed and solution samples strongly

Ssuggests that PA, HMP and N'I4P bond to aluminum oxide through the

phosphonate group.
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For further analysis it would be useful to have frequency values

for PA, HMP and NTMP in solution.

The absence of lETS intensities for tunnel junctions doped with NPA

indicates that it does not bond nearly as strongly as do PA, HMP and

NTMP. On this basis it would be judged as a poor inhibitor

candidate. This conjecture was found to be in agreement with results

from wedge tests.

III. Calculation of IETS Intensities

A. Model Considerations

• The fact that IETS can provide both IR and Raman-like modes for

monolayer coverages of molecules adsorbed on aluminum oxide makes it

obvious that it is an ideal tool for studying bonding and orientation

of molecular species to the oxide. Interpretation of IETS spectra can

* occur at two levels:

1) Use of measured vibrational frequencies and their shifts from

values obtained independently (for example, optically) to extract

• information on the adsorbed species.

2) Comparison of measured and calculated relative peak intensities in

an lETS spectrum to obtain information on the orientation and

structure of the absorbed species. Regarding Item 1, locations of

mode frequencies can be very informative and are often quite

sufficient for intended purposes. The use of relative mode

intensities is far from simple, however. Sometimes the "orientational

selection rule" for IETS is used in a rather qualitative fashion.

According to this rule, modes having atomic vibrations which move

perpendicular to the oxide surface are much stronger than modes with

atomic motions parallel to the surface. To use lETS intensities in a

quantitative fashion requires extensive modeling and computation. The

extraction of useful information depends bn several factors including:
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1) The degree to which the model correctly approximates the

interaction between the tunneling electron and the molecule, and
0

2) the values assigned for model parameters including those parameters

associated with the molecule of interest.

As part of this work, we have developed an improved model for

calculating lETS intensities. These intensities can be calculated as

a function of the orientation and structure of the adsorbate. The

basis of our model is the so called partial-charge model of Kirtley,

Scalapino, and Hansma4 hereafter called the KSH model. It utilizes a

transfer Hamiltonian formalism. We chose this model because it was

the most tractable model existing. It is called the partial-charge

model since the electron molecule interaction is approximated by a

Coulombic interaction between the electron and the partial charges on

each atomic site of the molecule. It has been used before by Kirtley,

Scalapino, and Hansma to calculate the ratio of peak intensities for

* the OH ion in both the parallel and perpendicular orientations to

demonstrate the orientation effects mentioned above. The primary

difficulties associated with this model are twofold:

* 1) To date there has been no reliable means to correctly assign the

atomic partial charges to the atoms, the values of which we have found

can greatly influence the peak intensity ratios which are calculated.

* '2) It is known from other calculations that the pseudodipolar

potential seen by the tunneling electron is not always oriented as

would be expected from charges moving along the directions of atomic

motion. This effect is especially pronounced for modes with

significant hydrogen motion.

To solve these two problems, we have developed what we term the

floating valence model. The floating valenc. model solves the two

primary problems associated with the KSH theory in the following ways:
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1. It provides a reliable means to assign partial charges to the

atomic sites. The charges are determined by fitting the electrostatic

molecular potential associated with each mode. Our method for

determining the partial charges is based on a technique first used by
5Momany . who calculated potential derived (PD) charges in the

following manner:

a. He calculated an ab initio molecular electrostatic potential

for the molecule using an atomic orbital basis set.

b. He then determined the effective located at each atomic site

which would give a classical electrostatic potential equal to that

calculated by ab initio process.

The sensitivity of our tunneling calculations clearly shows that

these PD charges, which differ significantly from those obtained from

population analysis and semi-imperical methods, are highly accurate.

2. By modifying the fitting procedure, we have also solved the second

major problem associated with the partial charge model. We divide the

charge associated witb each atomic site into two portions, the nuclear

part and the valence portion. In fitting the molecular electrostatic

potential for each vibrational mode, the nuclear charge is forced to

follow the motion of the atom. The valence portion, however, is

allowed to "float". Its direction and magnitude are determined by the

* requirement that the total result of the classical potential must

match that of the molecular electrostatic potential calculated from

the atomic orbital basis, hence the term "floating valence model".

*•  In Sections B through G which follows, we outline some of the

essential features of the partial charged model and the application of

this model to thiourea. In order to test the internal consistency of

our results, calculations were made on both thiourea and urea. A

comparison of the calculated and experimental intensities for thiourea

has been completed and is now being evaluated. It will become obvious

to the reader that the development of the model and the ensuing
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calc Jations are extensive, and in the interest of conciseness many of

the details have been omitted in this report. The material in Section

*D is most relevant for understanding the calculations presented in

Section IV regarding the calculation of atomic charges in PA, MPA, and

liMP.

B. Partial Charge Model

The ,KSH4 model provides a reasonable basis for describing the

mechanism for the tunneling interaction, yet is still tractable enough

for calculations on a complex molecule. It treats the interaction

potential in the barrier (oxide layer) as the sum of the Coulombic

potentials present between the tunneling electron and the partial

charges located on each atom of the adsorbed molecule. In their

theory, the z-axis is considered to be perpendicular to the metal

surfaces with z-O located at the lead electrode; the oxide fills the

space O<z<s. The nth atom of the dopant molecule is located

at b2 + c + anz and the tunneling electron is located at r.

The initial and final states for the electron are eigenfunctions of

the zeroth-order Hamiltonian r - + U(;), and they are

localized in the volumes z>s and z<O, respectively. Outside theA A

barrier, the wavefunctions are propagating waves in the x and yA

directions and standing plane waves in the z direction. Inside the
A A

oxide layer, they oscillate in the x and y directions and decayA

exponentially in the z direction. The WKB approxiations to the

initial and final wavefunctions inside the barrier are given by:

4- -1C (s-z) i(k x+k y)
"--- e Z e y

-- - z i(kxX +k Oy)

4,f " z 3/2 e e

where

i 2 - k 2)
Z mX y
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and similar equations hold for the primed states. "E is the electron

energy relative to the bottom of the conduction band, and L is a

normalization length which cancels out later in the calculations. If

we assume that the atomic potential can be represented by static

charges attached to the vibrating atoms and include screening and

image effects, then we arrive at an interaction potential of the

following form:

k+-. k +
p-- n r•n n-2psz r-R °-(2ps-2an )zp mn nn

* where

E - dielectric constant for A1203  3

n - atomic index

k - vibrational mode index

S k  znk6fnk

zn k partial :harge of the nth atom in the kth mode

6tnk - displacement of the nth atom in the kth mode
, n 0 Mequilibrium position of the nth atom.
n

• Fermi's "golden rule" gives the transition rate across the barrier
(Wifk) as:

W(f k '' I)Mif826(eic-f-hwk)

where

0Ei - initial electron energy

Ef - final electron energy

Mif - 4+id3xT

To find the IETS current, we multiply the transition rates by 2e (2

for the spin sum) and sum over all initial and final wave vector

states. In the low temperature limit, the wave vector sums become

integrals which are expressed in spherical coordinates. After

performing all possible analytical integrations and differentiating

twice with respect to eV we obtain:

d2L k /-m _ "_eV)k1 mkl)A k -V) (3.1)
d(eV)2  F2h7,3 nm,±,A) 

n,m,.t

k - 12 d f'd(e) 1. k1 kl" (3.2)Anu1,1 f 02fdjo o fd(cosGO)< a11>nmaicn  a1% (.2

~~~~~~~~~~~~~~~~............,. .- --.......,. ........................... "".......'............ "..."." ."......



-27-
0

aIzn -a zn (az-aI )s (a z+aI )s
k-z -"- le !- I 1

Ce z aI i e-1 ,. z
(M as a 2s7_a a -a z~

a zn a - -aI Z n

(e e (3.3)

Ph kA Zn k6n k1t

6nk1t is the displacement of the nth atom in the kth mode in the Ith

Cartesian direction

[Note that the upper signs go with 1=3 (z direction), lower signs go

with 1-1,2 (x,y directions), and the a,/a I factor in Eq. (3.3) is not

an error. It corrects a typographical error in the paper by Kirtley,

et al.@]

ax - y-'

C:z - (kzk:'/KzKz')1/2

a . (%2+ a2)1/2

az -z K Kz'b 2 b 2 - C 2
<a 11 >nm 24[ nm_2 jo0(atPna ) - M nm 1s 1j (a J ) (.4

Pnm b Pn 3UR a I in (34
<a>> 2E nm nm [(aPn (3.4)

1 aM 2 2 00 na IPM J 1(a p)
<12anm ---- £ur2 >nm 9m2 -(a )-- JC n)]

c 2 b 2 -c 2

<a22>na 24- J0(CLPrm) + ( 3a_ n )JlCzpnn)]
PnM P= I

* <al3 > - <a23>nam - <a31>nm - <a32>am - 0

<a 3 3 >m 2%Jo (ajLpm)

bnam bn - bm

Ci m 'n -- Cm

S~Prm . (b=2 + cn2)1/2

The change in conductance due to the kth vibrational mode is found by

integrating Eq. (1) over eV:

dk 8e 3m3N - kA kk
A- /- " A- "-eV gn gm )A (3.5)
-. a 2h7.3 nm, ,.
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In reality, the theoretical delta function of Eq. (3.1) is

experimentally broadened into a Gaussian so we have the alternate

form:

d k k
-e--N=-- ~ ~ - ki kV k

* x exp[- -k-e 2] d(eV) . (3.6)

Finally, we use Eq. (3.6) to calculate the theoretical ratios between

the intensities of the jth and kth modes, and we compare these ratios

to the Ijk values which were experimentally determined.

A careful study of Eqs. (3.1)-(3.6) shows that four pieces of

information are required in order to calculate theoretical intensity

ratios, namely:

1. The structure of the adsorbed molecule. This yields the

relative atomic coordinates (bn' cn, an) for each atom in the

* molecule.

2. The peak widths, centers, and amplitudes for each of the

Gaussian functions used to approximate the experimental

tunneling peaks.

* 3. The atomic displacements for each atom during each vibrational

mode. This gives us the 6n k1 of the theory.

4. The partial charges, zn, for each of the atoms in the adsorbate.

Items 1, 2, and 3 will be discussed in more detail in Section C. The

* calculation of partial charges will be described in Section D.

Kirtley, Scalapino, and Hansma have used the KSH theory to

calculate tunneling intensities for a hydroxyl ion adsorbed on an

aluminum oxide surface, and Kirtley and Hall 6 have successfully

* calculated tunneling intensities for the methyl radical of the

methyl-sulfonate ion chemisorbed on alumina. However, both of these

applications involve small, highly symmetric molecules (or radicals),

with only two atom types. An interesting question is whether or not

the KSH theory can accurately explain the tunneling spectra of the

larger, more complex molecules of general interest in these inhibitor

studies. In order to answer this question, we studied thiourea,

., , ,-, - , r, p,. ,.. 4 4 ,, , *t. ,, ..- . .. - . .. . . -... . .. -
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chemical formula SC(NH2 )2 , adsorbed on aluminum. Thiourea has been

shown to be a planar molecule with C2. symmetry and five "atom types,"

so it is sufficiently complex to experimentally test the validity of

the KSH theory. In addition, we believed that development of this

model using thiourea would provide valuable insights into the validity

of various calculational procedures which would not be possible by

first using a molecule as complex (structure, atom type, and symmetry)

as PA or MPA. Our approach has been justified as this report

indicates.

C. Experimental Results for Thiourea and Urea

As mentioned previously, we must know the structure of a molecule

if we are to calculate relative tunneling intensities. Several

studies indicate that the thiourea molecule is either planar or very

nearly planar. We have assumed a planar geometry.

Many of the calculations which we performed for thiourea in this

study were repeated for urea to check internal consistency. -Urea has

an oxygen atom substituted for the sulfur atom in thiourea which

results in a significantly shorter carbon-chalcogen bond length in

urea.

The tunneling spectrum for thiourea corrected for the elastic

contribution is shown in Fig. 4a and 4b. It has been enlarged and

digitized and the resulting experimental peak structure fitted with a

superposition of Gaussians. The program varied the amplitude,

halfwidth, and center of each Gaussian, denoted by Ai, wi, and. Mi
respectively, until a "best fit" was obtained with the data. The

results of this fit, the final Ai, wi, and Mi values, are used to

calculate the experimental intensity ratio between any two peaks (Ijk)

via the relationship Ijk=Ajwj/AkAo. We used relative rather than

absolute intensities throughout this study because the former allowed

us to use uncalibrated experimental spectra.
I--

............................................................
w,_ ,.+ . > . -.. + - -..... ---. -.,-..- +. .-.-. -... .+ -* -.... ,.,-..,, ---- .. ..... ..
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Table IV. Tunneling peak energies and vibrational mode assignments for

thiourea from 30 to 250 meV. The following abbreviations have been

used: IP for in plane modes; OP for out of plane modes. Stewart' did

not provide uncertainties with his frequencies.

Energy Frequency Frequency Assignment

Approximate Reference
(mev) (cm-1)  (cm-1)

36.2*1.2 292*10 Aluminum phonon

48.1*5.4 388*40 415*42 SCN2 rock
2 (IP)

60.8*2.2 490*17 468*52 CN2 deformation
2 (IP)

5051 NH2 torsion1 (OF)

4833 NH2 torsion
3 (OP)

69.5*0.7 561*6 5771 NH2 wag
I (OF)

78.8*0.3 635*2 6291 Skeletal vibration1 (OP)

92.1*0.2 743*2 732*72 NH2 rock
2 (IF)

7691 NH2 wag
I (OF)

105.8*2.0 853*16 Combination mode SCN2

Rock + CN2 deformation

118o0*1.2 952*10 Oxide Phonon

134.5*3.0 1085*2 1088*112 NH2 deformation
2 (IF)

155.4*0.7 1253*6 2xSkeletal vibration

173.1*0.2 1396*2 1415*42 CS stretch2 (IF)

181.2*1.0 1462*8 1470*152 NH2 deformation
2 (IP)

202.3*0.6 1632*5 1620162 CN2 asym stretch
2 (IP)

1628*162 CN2 sym stretch
2 (IF)

228.5*0.5 1843*4 2xOxide phonon

1J.E. Stewart, J. Chem. Phys. 26, 248 (1956).

2G.B. Aitken, J.L. Duncan, and G.P. McQuillan, J. Chem. Soc. (A), 2695

(1971).
3Stewart's mode assignment, frequency corrected by Aitken, et al.1
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The fitted peak structure agrees well with the background corrected

experimental data as shown in Figs. 4(a) and 4(b). We referenced

several infrared and Raman peak assignments and found that the peak

assignments of Aitken, Duncan, and McQuillan for the in plane modes

gave the best agreement with our tunneling results. Similarly, we

have generally used the assignments of Stewart 7 for the out of plane

modes. However, Aitken, et al.7 have demonstrated conclusively that

Stewart incorrectly assigned the mode at 58 meV. Consequently, we

have used Aitken's value for the lowest out of plane frequency. Table

IV shows IETS peak centers and mode assignments which have been made

on the basis of several studies in the literature. Table IV also

illustrates the resolution problems which occur in IETS. The peaks at

202.3, 134.5, and 92.1 meV are doublets, and the peak at 60.8 meV is a

triplet. We could not resolve these peaks, and they caused some

problems in the theoretical analysis.

We eliminated from further consideration those peaks which resulted

from aluminum, aluminum-oxide phonons, combination modes and

overtones. We chose the peak at 181.2 meV as the normalization peak

for relative intensities because it turned out to be very stable with

regard to orientation in the theoretical calculations.

For small displacments, chemical bonds behave like Hooke's Law

springs. Consequently, we can treat molecular vibrations by assuming

that a molecule is approximated by a system of point masses

interconnected through a series of springs. The problem is formulated

most elegantly in mass-weighted Cartesian coordinates

We were not fortunate enough to find Cartesian displacements for

the vibrational modes of thiourea. Consequently, we searched the

literature for force constants which could be used to generate

Cartesian displacements. We found several sets of force constants for

the planar modes of thiourea which gave frequencies in reasonable

* agreement with experiment, but only one plausible set for the out of

plane modes. In order to generate vibrational displacements, we first

had to generate the B matrix for the internal coordinates used by each
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9

author. This was done using Quantum Chemistry Program Exchange (QCPE)

#3429• Next, we used QCPE #342 to solve for the eigenvalues ki which

determined the vibrational frequencies vi . We found that the force

constants of Bleckmann, Schader, and Meier10 best fit to our observed

in plane frequencies. The force constants were iterated slightly to

reduce the differences between calculated and observed frequencies.

Bleckmann's out of plane force constants did not agree well with our

observed frequencies. They changed significantly during the iteration

process, and this caused difficulties in the resultant Cartesian

displacements. It is very important to emphasize the effect of

iteration on the vibrational displacements. Originally, the second

highest frequency mode had a calculated frequency of 534 cm-l. After

iteration the mode was shifted upward to 632 cm-I, but the mode

pattern was essentially unchanged. It turned out that the theoretical

intensity for the mode at 635 cm-I (78.8 meV) was the furthest from

experimental values. This difference may be entirely due to the

initial discrepancies between the observed out of plane frequencies

and calculated values.

These observations clearly point out the need for an accurate and

complete vibrational mode analysis for any molecule for which

tunneling intensity calculations are to be made. For this reason we

have chosen to emphasize the use of the partial charge determinations,

as presented in Section D, as being perhaps the most constructive

application of these calculations. It should be emphasized at this

point, however, that the completion of this tunneling intensity

calculation has made possible a very critical assessment of the

internal steps. As a consequence, we are now able to calculate atomic

charges associated with each atom in a molecule using the best method

available, and we know the values obtained are reliable and accurate.

q * *
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D. Partial Charge Determinations

* 1. Calculation of Molecular Electrostatic Potential

The partial charges for thiourea were calculated using a technique

developed by Momany5 for formamide, methanol, and formic acid. Momany

* calculated an ab initio molecular electrostatic potential using atomic

orbital basis sets. Then he determined the effective partial charge

located at each atom site by requiring that their resultant classical

Coulomb potential be equal to the potential values obtained by the ab

Inito process. These potential derived (PD) charges which he obtained

differed significantly from those obtained from population analysis

and semi-empirical methods. Our studies have shown that relative peak

intensities in IETS depend strongly on the partial charges used in the

computations, and as a consequence we can state that the PD charges

are more accurate than those obtained by other methods. Since these

charges are of interest in these inhibitor studies we outline how the

molecular electrostatic potentials are obtained, and how the PD

charges are thereby obtained.

The ab initio electrostatic potential was calculated using

self-consistent Hartree-Fock theory. The basic equation for this

theory is

Fi - eiTi (3.7)

where

Yi is the ith molecular orbital

E c is the ithenergy eigenvalue

F is the Fock operator (the effective one-electron operator)

defined by
-A 1.. 2 z a

F(p) in 2 -Lr + (2 -Kj~) (3.8)

where 
a ap j

p is the electron index

a is the atom index

Za is the nuclear charge for the ath atom

1ap is the distance from the ath nucleus to the pth electron

Jj and Kj are the Coulomb and exchange operators which will be

defined below

S O
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jfj(p) - yj (q)( T-Jj (q)d-qTj(p) (3.9)

KjTi(p) - fyj*(q)(.rl !1V)(q)d-qfj(p) (3.10)
where qP

q and p are electron indices

dr is a volume element

rqp is the distance between the qth and pth electrons.

In our calculations, we used the linear combination of atomic

orbitals (LCAO) approach, which assumes that the molecular

orbitals yi(P) can be expanded in terms of atom-centered atomic

A.orbitals pa(ra) as

where- a 1 ra (311)

a is the atom index

p reflects the n, 1, and m quantum numbers of the orbital

r is a position vector relative to the origin

is the position vector of the ath nucleus.a t

and Cj are expansion coefficients which we wish to determine.

In atomic calculations, Slater type orbitals (STO's) are often used

to represent the radial dependence of the atomic orbitals. A

normalized STO with principal quantum number n is given by

STOn(r) - Nnrn-le - r (3.12)

where

Nn Is a normalization constant

and C is a parameter which is optimized to give the best fit to the

radial dependence of a particular atomic orbital.

Unfortunately, STOs are too unwieldy to use for molecular

calculations. One approach to alleviate this difficulty is to use a

linear combination of Gaussians to represent the exponential

dependence of the STO's. If we let t0(r) represent the exponential

dependence of an STO, then it can be expanded as follows:
N

*(r) I di exp (-aIr2 ) (3.13)

where

N is the number of Gaussians used in the expansion

di, are contraction coefficients

ai is the Gaussian exponent.
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We used this approach as implemented by Quantum Chemistry Program

Exchange (QCPE)#437 (Gaussian 80)11 to perform our computations. The

* Gaussian contraction scheme for each orbital is referred to as the

basis set. We used several different basis sets in our work,

designated by STO-3G, STO 4-31G (4-31G), STO 6-31G (6-31G), STO

4-31G** (4-31G**), and STO 6-31G** (6-31G**).

The Fock operator of Eq. (3.7) depends on the set of Tils chosen.

Gaussian 80 uses optimized atom-centered atomic orbi-

tals [0 a(ra) s] along with a set of "guessed" CiPais to calculate an

initial Ti(r)'s via Eq. (3.11). (The starting Cipa's are generated

from a Huckel or projected Huckel guess). The Fock matrix is

determined from the Ti(")Is via Eqs. (3.8), (3.9) and (3.10) and is

used in Eq. (3.7) to solve for new Ti's and i's. This process is

* repeated until the energy eigenvalues converge. The final

wavefunctions yield the optimal set of Cials which can be used to

calculate the electron density, p(r), from the relationship

-occ + + occ Cv.

4r) -in i()21 , .pa (a)Ova.(ra' C c a (3.14)
where t 1,a

Iindicates that the sum is over occupied orbitals only.

All our calculations used restricted Hartree-Fock theory which

* assumes that both a spin up and a spin down electron occupy each

spatial orbital. Once p(r) has been obtained, the molecular

electrostatic potential, V(r), can be determined since

Z e
*V(f) I d (3.15)

a I-al I

In its original form, Gaussian 80 does not calculate V( ).

However, it does perform integrals very similar to those found in Eq.

(5.9) when it computes one electron integrals. We modified the STVINT

section of Gaussian 80 to do these integral calculations. Once this

was done, it was a simple matter to add in the nuclear contributions

to the potential [the first term in Eq. (3.15)] to calculate the

quantum mechanical electrostatic potential.
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We calculated the electrostatic potential for urea and thiourea

using the STO-3G, 4-31G, and 4-31G** basis sets. We also used the

6-31G and 6-31G** basis sets for urea only. We made contour plots for

both molecules using a variety of basis sets showing equipotential

lines, both in the plane of the molecule (yz plane) and perpendicular

to the molecular plane (xz plane). In all instances the

0carbon-chalcogen bond is directed along the positive z-axis. A sample

plot for thiourea is shown in Fig. 5.

Similar plots for PA, MPA, and NTMP will be shown in Section IV.

0

2. Partial Charge Fitting Procedure

Equation (3.15) allows us to determine the molecular electrostatic

* potential at a point *. If we are to accurately fit the potential

around a molecule with point charges located on atom sites, we must

know the quantum mechanical potential for a fairly large,

representative set of field points. We calculated the electrostatic

* potential for urea and thiourea using a rectangular array of equally

spaced points. Spatial axes for each molecule were oriented so that

the plane of the molecule was the yz plane with the C-O bond or C-S

bond directed along the positive z-axis. The origin was chosen at the

* center of nuclear charge. Since the molecular electrostatic potential

is strongly positive near the atom centers, we excluded all field

points which were within the van der Waal's radius of any atom. We

used a standard statistical package to fit partial charges to the

* molecular electrostatic potential. Our preliminary results showed

that the partial charge determinations were strongly affected by the

potential, at field points which lay close to the van der Waals radii

of the atoms. Since lETS is a long range interaction, we weighted all

0 field points which lay within 1 A of the van der Waals shells by a

factor of 0.25 in the fitting procedure. This weighting is consistent

with Momany's5 method.
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FI.- 5. Electrostatic potential contour plot for thiourea using a 4-310**

basis set. The plot Is In the plane of the molectule. Potential values are in

.cal,/mole and distances are in angstroms.
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I. Static and Dynamic Partial Charges for Urea and Thiourea

Potential derived (PD) charges for urea at equilibrium are given in

Table VI for a variety of basis sets. Table VI shows the Mullikan

charges for the same basis sets. There are three important

* conclusions which can be drawn from Tables V and VI. The PD charges

calculated from 4-31G and 6-31G basis sets differ by less than X.

There is also less than a 1% difference between 4-31G** and 6-31G** PD

values. Based on these comparisons, we did not use the extremely

* costly 6-31G basis set, with or without polarization functions, for

thiourea calculations. The Mullikan charges calculated from the 4-31G

and 6-31G basis sets are in closest agreement to the PD charges. This

is an important observation because one would assume that improving a

* basis set by the addition of polarization functions should yield the

most accurate Mullikan charges. There is a large variation in

Mullikan charges derived from different basis sets. This strong basis

set dependence coupled with our inability to predict which basis would

yield the most accurate results make Muliikan charge values unsuitable

for accurate IETS intensity calculations.

PD and Mullikan charges for thiourea are presented in Tables VII

and VIII It is interesting to compare the PD charges for similar

atoms in thiourea and urea. The Mallikan charges for nitrogen and

hydrogen atoms in urea vary only slightly from their values in

thiourea. On the other hand, the fitted values are significantly

different in the two molecules. The sensitivity of the PD charges to

the atomic environment led us to use the Potential Derived (PD)

computational technique to evaluate the effects of substituting

different radicals on phosphoric acid. These calculations are

• included in Section IV of this report. The difference in the

chalcogen and carbon charges in urea and thiourea is striking. It

demonstrates the result of lengthening the carbon-chalcogen bond

length in thiourea, and the reduced electron affinity of sulfur as

* compared to oxygen.

02
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Table V. Fitted partial charges for urea.

Atom STO-3G 4-31G 6-31G 4-31G** 6-31G**

0 -0.537 -0.782 -0.788 -0.693 -0.695

C 0.928 1.279 1.284 1.068 1.073

N1 , N2  -0.875 -1.193 -1.200 -1.074 -1.085

H1 , R3 0.338 0.467 0.471 0.440 0.445

H2, H4  0.342 0.478 0.481 0.447 0.451

Table VI. Mullikan partial charges for urea.

Atom STO-3G 4-31G 6-31G 4-31G** 6-31G**

0 0 -0.346 -0.687 -0.644 -0.687 -0.672

C 0.418 1.022 0.975 0.932 0.936

N1, N2  -0.459 -0.926 -0.934 -0.726 -0.766

-19 3 0.199 0.360 0.365 0.284 0.299

• 29 94 0.224 0.398 0.404 0.320 0.335
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A plot of the quantum mechanical potential for thiourea derived

from the 4-31G** basis set minus the Coulomb potential due to partial

* charges located on atom sites is shown in Fig. 6. The standard of

accuracy for a calculation of this type is one Kcal/mole; we have

clearly achieved this accuracy with our PD 4-31G** charges. The PD

charges give a much better fit to the quantum mechanical potential on

the "hydrogen-end" of the molecules than do the Mullikan charges.

This result occurs because the Mullikan model allocates shared

electrons equally between neighboring atoms with no consideration for

the relative electron affinities of different atoms.

The most critical quantities required in order to calculate lETS

relative intensities are the pk, s of Eq. (3.6) defined by

11InU 1 Zn k6n k1

where
Sk is the partial charge of the nth atom during the kth

vibrational mode
U 8 k 1 is the displacement of the nth atom during the ith vibrational

mode in the Ith Cartesian direction.

One of the assumptions which has been made by most researchers in

IETS is that Znk is a constant for every vibrational mode and

• thus Zn kZn, where Zn is the equilibrium partial charge on atom k.

Since we determined that relative peak intensities were very sensitive

to the values of the charges, we decided to check the assumption that

they remained constant during a molecular vibration. In order to do

• this, we used the normalized Cartesian displacements discussed earlier

to calculate the average position of an atom during a vibrational mode

as follows
InII -nO +

• 
where

Rnk1 is the average position of atom n in the Xth Cartesian

direction during the kth vibrational mode,

RUO° is the equilibrium position of atom n in the Ith Cartesian

direction.

.S : , . ." • ,=" •.+•'.'- ' "-"- . +"""""", , , '+'+'' ''''+' ."-+ +" -"-" ".-" "''
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Table VII. Fitted partial charges for thiourea.

Atom STO-3G 4-31G 4-31G**

S -0.427 -0.452 -0.400

C 0.509 0.349 0.166

N1, N2  -0.619 -0.672 -0.547

• H1,H 3  0.295 0.377 0.349

H2, H4  0.283 0.347 0.316

Table VIII. Mullikan charges for thiourea.

* Atom STO-3G 4-31G 4-31G**

S -0.204 -0.114 -0.519

* C 0.186 0.342 0.642

N1, N2  -0.426 -0.884 -0.680

H1 , H3  0.202 0.366 0.289

H2, H4  0.233 0.404 0.330

. .... r - .... ." . -" ." " .r .'." ." -; . ;,.-.......-..-..................,.............-....;..."......"....".,.................."-."
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Once we knew the new atom positions, we recalculated the quantum

mechanical electrostatic potentials for urea and thiourea and refitted

* the atomic partial charges as described in Sec. D.2. There is a

significant change in the charges during many of the vibrational modes

from their equilibrium values, and these have been incorporated into

the floating valence model calculations for thiourea.

* F. Comparison of Calculated and Experimental Intensities for Thiourea

The calculations have been completed for the relative peak

intensities of thiourea as a function of several parameters and are

now in the process of being evaluated. Some of the results from this

calculation are shown in Table IX with values for several adjustable

parameters indicated. These paramenters include basis set,

orientation of the molecule with respect to the oxide layer, distance

from the oxide to the "adsorbed" molecule, and whether or not the

valence charge was allowed to float. Comments made near the end of

Section D point out the uncertainty associated with one of the modes

which arose in our attempts to iterate the force constants.

C. Summary

4
We have examined the KSH model for calculating theoretical peak

* intensities for lETS spectra. Based on our work, we can state the

following conclusions:

1. Relative intensities in IETS studies are very sensitive to the

choice of atomic partial charges. Consequently, we used the highly

* accurate technique developed by Momany5 to determine these charge

values for urea and thiourea.

2. We used Momany's technique to examine the effect of a vibrational

mode on the electrostatic potential of molecules. We found that

•~the charges needed to fit the vibrational mode potential differed

significantly from equilibriu values. These differences led us to

develop the floating valence model which uses a core and an

electron charge for each atom.

0

0!
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3. The floating valence model significantly improved the quality of

our fit to the quantum mechanical potentials of urea and thiourea

* at equilibrium. We also found that it allowed us to fit the

potential during a molecular vibration. In order to achieve this

fit, we let the valence charge displace freely during the

vibrational mode in such a manner as to minimize the difference

* between the quantum mechanical potential and the Coulomb potential

resulting from the point charges. We found that the core and

valence displacements differed significantly for hydrogen atoms.

It explains the difficulty which we have had in IETS in analyzing

modes which contain a great deal of hydrogen motion.

4. We found that the floating valence model gave an order of magnitude

better agreement between theoretical and experimental peak

intensities than the original KSH single atomic charge model. We

did not quite obtain the accuracy we desired; however, a major

difficulty was that we could not find a satisfactory vibrational

mode analysis for the out of plane modes of thiourea. Our study

clearly demonstrated that precise vibrational analyses are

necessary for accurate IETS intensity calculations.

5. The steps in this calculation have yielded valuable insight into

the accuracy of various methods for calculating atomic charges

within molecules. The potential derived (PD) charges are much more

accurate than those obtained from Mullikan population analysis or

from semi-empirical techniques.

6. The potential derived (PD) technique should be useful for

• calculatiing atomic charge distributions in a wide variety of

inhibitor molecules.

0
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IV. Atomic Charge Distributions for PA, MPA, and HMP

A. Structure Determinations

In order to determine the potential derived (PD) atomic charges for

the inhibitor molecules, it was necessary to determine their structure

by suitable methods. Reliable values could not be found in the

literature. Our approach was to start with a reasonable structure (or

structures in the case of MPA) with best guess values for bond lengths

and angles and to utilize our Gaussian 80 QCPE program to optimize the

bond lengths and angles based on a minimum energy technique. One of

the two structures assumed for MPA was the eclipsed methyl group,

• denoted as MPA-E. The other structure, denoted as MPA-S, had a

staggered methyl group with respect to the P-0 bond. The minimum

energies obtained for MPA-E and MPA-S were so close as to preclude a

decision on which structure was more stable.

• The bond angles and bond lengths for PA, MPA, and HMP were

calculated with this technique. The results, listed in Tables X

through XIII, are consistant with angles and bond length values for

related compounds found in the literature.

• B. Molecular Electrostatic Potentials

Molecular electrostatic potentials were obtained for each of the

structures mentioned in the same fashion as were done for thiourea and

urea described earlier. Plots of equipotential lines through high

* symmetry planes using a 4-31G** basis set are shown in Figs. 7-10 for

PA, MPA-E, MPA-S, and HMP. Two basis sets, STO-3G and 4-31G, were

used to investigate the effects of basis set selection.

Inspection of Figs. 7-10 reveals significant changes in the charge

distribution surrounding the phosphorous atom. These changes depend

on the nature of the attached group. The effect of basis set was also

apparent. We are currently evaluating these results with the hope

that systematic patterns will emerge which can be related to inhibitor

effectiveness or to IETS spectral features.

C. Potential Derived charges

The net PD charges for each of the stuctures were obtained by the

* fitting process outlined earlier. In Tables XIV and XV the net PD

charges, as well as the Mullikan values, are shown when obtained from

potentials calculated using STO-3G and 4-31G basis sets,



respectively. The basis set influences both the Mullikan and PD

values. However, the charges associated with the net charges on each

atom site do not necessarily follow the same trend for the Mullikan

and PD methods. Note in Table XV the net char'e on the phosphorus

atom in the sequence PA : MPA-E : MPA-S : HMP it + 2.29 : +1.96 : +

1.94 : + 1.97 using the Mullikan population technique; whereas, it is

+ 2.17 : + 1.97 : + 2.03 : + 1.72 for the PD fitted technique. The

difference in the trend occurs on going from the eclipsed to the

staggered configuration of MPAo

We are also attempting to relate the trends in the PD charges on

* each atom with inhibitor effectiveness, or with features in the

tunneling spectra.

D. Summary

A summary from our work on atomic charge distribution calculations

is as follows:

1. Our original plans were to do intensity analyses for PA, MPA, HMP,

* and NTMP, but our study on thiourea showed us that this was not

feasible, since detailed vibrational mode analyses have not been

done for these molecules. Fortunately our potential derived

charges have an application to these large inhibitor molecules.

0 The sensitivity of the PD method allowed us to evaluate charge

trends when different end radicals were substituted onto a

molecular framework. We are attempting to correlate these trends

with important features in IETS spectra such as the frequencies for

bond-stretching motions. We would like to use our technique to

provide a guage of inhibitor effectiveness.

- 2. In order to relate PD charge trends for large inhibitors to

inhibitor effectiveness and IETS spectral features more, and

larger, molecules would need to be analyzed. The use of semi-

empirical methods to optimize molecular structures should allow

calculation of charges for molecules as large as 100 atoms.

&RS
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Fig. 8. lectrostatic potential contour plot for MPA-E (eclipsed methyl group

with respect to the P-0 bond) in the plane of reflection symmetry using a 4-

31G basis set. Potential values are in IKcal/mole and distances are in

angstrom.
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Fig. 9. Electrostatic potential contour plot for HPA-S (staggered methyl

* group with respect to the P-0 bond) in the plane of reflection symmetry using
a 4-310 basis set, Potential values are in Kza1/mole and distances are in

angstroms.
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Table X(a). Calculated bond lengths and angles for PA.

Distance Angles

(A) (degrees)

P-0 1.50 O-P-O 116.53

P-O 1.55 P-O-H 110.32

O-H 1.00

Table X(b). Calculated cartesian coordinates, in angstroms, for the

atoms of PA.

0

Atom x-coordinate y-coordinate z-coordinate

P 0.0 0.0 0.0

0 0.0 0.0 2.835

0 0 2.621 0.0 -1.309

R 3.999 0.0 -0.016

0 -1.309 -2.269 -1.312

0 -1.309 2.269 -1.312

H -1•998 -3.464 -0.021

H -1.998 3.464 -0.021

0 Me,

0 ii

y2,
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Table XI(a). Bond lengths and angles for MPA-E (eclipsed methyl group.)

Distance Angles

(A) (degrees)

* P-0 1.50 C-P=O 122.21

P-O 1.55 C-P-0 100.88

0-H 1.00 o0P-0 113.30

C-P 1.78 P-0-H 110.38

* C-H 1.10 O-P-0 103.98

H-C-P 109.50

H-C-H 109.43

Table XI(b). Calculated cartesian coordinates, in angstroms, for the

atoms of MPA-E.

Atom x-coordinate y-coordinate z-coordinate

P 0.0 0.0 0.0

0 0.0 0.0 2.835

0 2.690 0.0 -1.158

H 3.951 0.620 0.106

0 -1.269 2.373 -1.158

H -1.316 3.776 0.106

* C -1.463 -2.441 -1.793

H -2.302 -3.841 -0.505

H -0.041 -3.369 -2.992

H -2.952 -1.625 -2.992

0
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Table XII(a). Calculated bond lengths and angles for MPA-S (staggered

methyl group).

Distance Angles

(A) (degrees)

• P-0 1.50 C-P=O 122.60

P-0 1.55 C-P-O 100.49

O-H 1.00 O=P-0 113.39

c-P 1.78 P-0-H 110.34

C-H 1.10 O-P-0 104.06

H-C-P 109.50

H-C-H 109.43

Table XII(b). Calculated cartesian coordinates, in angstroms, for the

• atoms of MPA-S.

Atom x-coordinate y-coordinate z-coordinate

P 0.0 0.0 0.0

0 0.0 0.0 2.835

* 0 2.688 0.0 -1.163

H 3.957 0.573 0.115

0 -1.278 2.365 -1.163

H -1.378 3.753 0.115

C -1.451 -2.434 -1.812

H -0.563 -4.259 -1.360

H -1.210 -2.030 -3.836

a -3.478 -2.521 -1.360

0|

• . . . - -•-• . . " ; . ". . • • "," , , " " . . ,. , '. ' .. ,. .-. , • •.. " ." ",
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Table XIII(a). Calculated bond lengths and angles for HMP.

I
Distance (A) Angles (degrees)

P-0 1.50 C-P-0 122.60

P-0 1.55 C-P-0 100.49

(P)-O-H 1.00 O-P-0 113.39

C-P 1.78 P-0-H 110.34

C-H 1.10 O-P-0 104.06

O-C 1.43 H-C-P 108.75

(C)-0-H 0.96 P-C---J 109•16

C-0-H 104.34

Table XIII(b). Calculated cartesian coordinates, in angstroms, for the

atoms of HHP.

Atom x-coordinate y-coordinate z-coordinate

P 0.0 0.0 0.0

0 0.0 0.0 2.835

0 2.688 0.0 -1.163

H 3.957 0.573 0.115

0 -1.278 2.365 -1.163

H -1.378 3.753 0.115

C -1.451 -2.434 -1•812

H -0.597 -4.256 -1.289

H -3•460 -2.549 -1•289

0 -1.130 -1.895 -4.440

H -1.952 -3.274 -5.285

. . . ..L-~ . -,- - . ., ,
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Table XIV. The atomic charges In PA, lIPA, and HF4 calculated by Mullikan
population analysis and by the Potential Derived (PD) method using an STO-3G
basis set. The bold face atoms in each entry in the left column are those of
Interest for that row. The other atoms in each entry indicate the neighbors.

Atom Hullikan Population Charges Potential Derived (PD) Charges

PAM PA-Sb MW PA MP-E 1PA-SD IHi

0P +1.'47 +1.33 +1.34 +1.34 +1.86 +1.65 +1.69 +1.44

0-P -0.62 -0.62 -0.62 -0.61 -0.79 -0.76 -0.77 -0.73

0-P -0.48 -0.49 -0.49 -0.48 -0.64 -0.66 -0.66 -0.63

*-0 40.20 +0.19 +0.19 40.19 +0.29 +0.31 40.31 +0.33

C-P -0.37 -0.37 -0.19 -0.64 -0.77 -0.04

*+0.08 +0.08 +0-12 +0-21

+0.09 +0.08 +0.16 +0.17

H--H+0.06 +0.03

C
6 -0.29 -0.46

C-0%
3+0.20 +0.33

a. Elipsed mthyl group
b. Staggered methyl group
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Table XV. The atomic charges in PA, MPA, and liMP calculated by Mullikan
population analysis and by the Potential Derived (PD) method using a 4-31G
basis set. The bold f ace atoms in each entry In the left column are those of
Interest for that row. The other atoms in each entry indicate the neighbors.

Atom ullikan Population Charges Potential Derived (PD) Charges

PA Mp Ha PA-Sb HMi PA MPA-Ea MPA-Sb MCP

F +2.29 +1.96 +1.94 +1.97 +2.17 +1.97 +2.03 +1.72

coop -0.97 -0.98 -0.98 -0.98 -0.98 -0.98 -.0.99 -0.94

0-P -0.92 -0.94 -0.93 -0.92 -0.88 -0.94 -0.96 -0.90

1-0 40.48 40.47 +0.47 +0.47 +0.48 +0.52 +0.52 40.54

C-P -0.79 -0.74 -0.29 -0.72 -0.87 40.11

+ 0.24 +0.25 +0.16' +0.27

C 40.25 0.23 +0.21 +0.21

a-C-I 40.*22 +0.03

9-0.67 -0.*72

c-0,
N+0.41 04

a. Eclipsed methyl group
b. Staggered methyl, group

0Y
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V. Conclusions

The initial results obtained by this project to use a combined

experimental and theoretical approach in the application of IETS to

the study of hydration inhibitors on aluminum oxide have clearly

demonstrated the usefulness of the technique. The three main results

from this work were as follows:

1. We developed a technique for consistently obtaining high quality

IETS spectra for large phosphonate-based hydration inhibitors adsorbed

In monolaywer coverages on aluminum oxide. We report spectra and

analysis for three of these. These three revealed surface species

which were strongly bonded to the oxide surface through the

phosphonate group. The junction characteristics for a fourth

indicated very weak bonding. It was determined independently to be a

very poor inhibitor (MPA).

2. The "floating valence" tunneling model which we developed in

order to analyze the TETS spectra of the inhibitor molecules is new.

It represents a second generation model from our laboratory, and to

our knowledge is the most accurate and tractable one in existance.

The difficulty In applying it to the large inhibitor molecules is not

an intrinsic shortcoming of the model itself, but Is due instead to

the fact that complete vibrational mode analyses have not been done-

and perhaps never can be done adequately-on these molecules. Even

the differences In the reported vibrational mode analyses for thiourea

have caused us considerable problems.

3. The development and application of the floating valence model did

- produce an excellent spinoff. The sensitivity of this model to the

partial atomic charge values in a molecule allowed us to evaluate

several techniques for calculating these charges. The most accurate

of these, the Potential Derived (PD) method, was used to calculate the

atom charge distribution in three of the smaller phosphonate

Molecules.
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0

4. By incorporating semi-empirical procedures the PD technique could

be applied to molecules with 100 atoms. Such studies should be useful

in evaluating the change in effectiveness of an inhibitor as different

end groups are substituted onto the adsorbing group. It can be

applied to a wide range of inhibitor types.

0
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